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l. Introduction

When heat flows through the lnterface of two 8ollds 1in
contact with each other, the surface temperature at random
polnts within the contact area may not necessarily be the same.
This 18 nothing new, and aven one who has hed no experlence
in thls fleld can qulickly grasp the slgnificance, Thle apparent
discontlnulty 1n contact temperature 18 due to the exlstence
of a thermal resistance at the aurfaces, and thls phenomenon
has been named contact thermsal reslatance,##

We do not conalder fused junctlons here but only mech-
anilcal contact, This probleaz 1s an important one from the
standpolnt f{ thermal transmisalon 1n machlnery and conatruc-
tlon. Otto ] in 1906 first studled this problem with the

# Recelived 5 October 1960,

## Recently studles of heat tranafer between molten medla such
as Nak and metal surfaces have become important, and the
realstance between the two phases 18 also called contact
thermal resistance, This paper, however, 1s limited to the
resistance between two 80lild contacting metal surfaces,
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use of electrioal measuring instruments. In the thirty years
which followed, very little work &long this llne was seen,
Only recently with the advent of atomio reaotors in which
large thermal fluxes have to be considered has this problem
been attaoked with full vigor.

While there ®eems to be many areas where contact thermal
reslstance can not be lgnored, detalled descriptionsa are not
avallable, Whatever treatment that might be avallable 1s
meager at best., Therefore, 1t does not seem too meaningless
to Introduce the problems assoclated with contact thermal
reslatance and polnt out the sallent festures that need to be
conslidered,

2, Cefinition and Deseription of Contact Thermnl Reslstance

When heat flows through the contact surface between
two 80l11ds, the thermal reslistance encountered at the contact
aurface 1s defined &2 contact theraal reslstance, As a re=-
sult of this reslstance, there is an apparent dlscontinulty
in temperature distributlon at the oontact surface. This
transmiselion phenomenon 18 called contact thermal conduction.
The contact surface 1n questlion here is the oversall contact
area and not & mlcroscople area. Should Infinlteslimal areas
be oonsldered, surely there would be nc temparature dlacon-
tinulty. This term 18 often referred to as simply contact
reslstance, thermal contact resistance, contact surface resls-
tance, or contact surface thermal resistance, and there 1s
cons iderabtle confuslon. In thils paper we will use the term
contact thermal reslstance. For unlts the rseiprocal, con-
ductance, 18 often used 1ln place of reslstance &3 1a the
custol in other oountries, The term contact thermal conduc-
tance may not seem sultable in vlew of hlthertofore accepted
definition of thermal conluctlion, however, i1f one conslders
contact thermal counductance to be a single term to be used
for convenlence, very little ambigulty should ensue.

Take the situatlion 1llustrated in Flg, 1. Two 8cllids,
1l and 2, with respective thermal conductlng coefflciente ; and

» are in contact wilth each other through a contact surface

.A, and Q unite of heat per unlt tiwme ias flowlne. Take the
reepective temperatures to be Tl and T,. Assumle an x axis

to run normal to the contact surface. If one Assumes no con-

tact thermal reslstance, Tl = TQ, however, 1n practlcal ocases

there 18 a temperature differentlal /. T = TZ - Tl &8 ahiown




in Fig. 1. Representing contact thsrmal resietance per unit
area by r, and contaot thermal conductance by h,, the follow-
ing rslations can be set up,

6 A "ff‘:] A A- “;’x’ v 1)
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Flgure 1.

This can aleo be 1llustrated by the method of equiva-
lent lengths, If the temperature difference at the contact
surface 1s ., T, we divicde this value by the slope of the
temperature gradient in the solid 4AT/dx. As shown in Fig. 2,
this 18 the same effect as placing a solid of this length 1in
place of the contact surface, Representing this equivalent




length by 1,

= dT .
£ (4 Ca)
Jdx

Thils phenomenon 18 very easy to 2ee 1f the two contactlng
20lide are made of the same material, When the two solids
are of differ ;nt materials, this would most likely correspond
to contact thermal reslsiance or conductance. The relation
between equivalent lengith and unlt contact thermal reslstance
or conductance 1ls

! der

he

Hereafter, contact thermal reslistance or conductance wlll be
referrad to on the unit basls, an? no separate unlis will be
expreased,
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Figure 3,

Next, consider how contact thermal resistance comes
about. There are apparent texmpsrature discontinuities at the
interface. Looking at a microscople interface profile in a
contlinuous manner as shown in Fig, 3, very large temperature
fluctuations can be seen within the confines of a n&rrow band,
While the surfaces seem to be in good contact when Been
microscopically, thers are upa and deowns on both surfaces
such that there are very few polnts of actual contact., It 18
usually the case that some material with very low thermal con-
ductivity like air or oil 1s trapped here such that the over-
all thermal conductivity 1s very poor. As a result, the tem-
perature drop per unit thickness 18 much grenter than within
elther of the solids, Heat flows elither through the contact
areas or by transmission and radiatlon through the materlal
£11lling the vold space, and convection effects can be neglected
unless there 18 an exceptionally large void,

What 1s the relative magnitude of conductance and radia-
tion effectc? ABsule two Sclids with temperature T1 and T2

separated by distance Y ., Further assums 2ir in the void.
Letting that quantity of heat conducted to be Q_, and that

]
radiated to be Q the following ratio can be Bet up.

r.

(W21




Qe A, Y (6)

\. r 18 the thermal conduotlvity coefficlent for alr, / 1s8
the Stefan-Boltzman constant and / ,, 18 related to the radla-

tion coefficlent - by

-3

£

Taking mean temperature to be To’ temperature diffsrentlal to

be .. T and assuming T To

Substituting values of = 0.7 and - = 0.0l om glven

Results caloulatsed from this are shown 1in Table 1.
This 18 true only when . T. To. When .. T -TO, the

fractlon radlated lncreases, and becomea greater the wider the
gap., The limiting condltion 18 when there 18 nc actual con-
tact, however, in actual cases there 18 always eome contribu-
tion from the contact areaa, Qutalde of some excepticnal ~ases,
the radlation contribution from the contact areas le about
2-3 percent of the total, and 1t can be sald that transmlselon
through the ilnterface 1s mainly by conduction.

We next conslder what factors affect contact thermal
reslstance., The following baalc ltems can be mentloned,
. Flatnese of the contact areas
. Nature of materlala in contact (hardness and thermal
conductivity coefficlent)
Contact pressure
Roughness of contact surfaces

L] -




S. Material in voids (thermal conductivity coefficilent,
pressure in case of gasee)
6. State of oxidation of contact surfaces,

Flatness of contact surfaces 1s very iaportant, There
le considerably more contact resistance with microscopic ups
and downs at the interface than with microscoplc unlese the
vold material 18 highly conducting. We consaider hsre only
surface roughness outside of wavinese and aseume a fairly
uniform contact., It must be remembsred that wavinsse can be
a major problem in actual cases.

Table 1.

%, Theoreilical Treatment of Contact Thermal Resistance

Contact thermal resistance is affected by myriads of
subtle factors at the interface, and theoretical treatment
1 very Aifficult., It 1is almost lapoasalble to lncorporate
all the factors previcusly mentioned in this treatment, and
any such attempt only makes the development more difficult,
Therefore, we will omit ltems whose effectas are relatively
ninor such a3 the state of oxidatlion of the contact area and
assume homogenous materlals, It is needless to mentlon that
8 theoretical treatment of any surface must entall detalled
knowledge cf the surface itself, Gstetiatical analyasis of
surface roughneas cr study of contact mechanisms are neces-
sary, and stulles alonsg these llpnes ara quite prevalent.

There are many treatments developed from the standpoint
of contact electrical resistance, friction, lubricating or
elastic plasticity, however, there is 8atili need to comblne
the effects of thermal reslstance at the interface 1o bring
about & more rigorous treatment of contact phenomena,

Should the thermsal conductivity coefficlent of the void
material 1 o be the samn as that of the solld material itself,

therzal flow linss are normal to the line of contact, and
leothermals parallel to the seam will result. When these co-

sfficiente differ, isothermals with uneven fronts would bs




thought to result ae shown in Fig, 4. This unevennese should
peraist for only a short distance from line of contact, and
the net effect of thias rsmains in doubt., If the net effect
i1s amall, there would be little need to consider surface
roughness in this treatment,

At the prasent, there are at moat two or three theore-
tical treatments aud they will be considered below.
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1
3.1 Haahi's wOrktloslBJ

Professor Hashl of the Technical Production Labors-
tory, Tokyo University has been worklng on the problem of
contact thermal resiatance since 1544, He has tentatively
arrived at a result that iesothermals parallel to the aeam
result and haes come forth with qualitative and quantitativs
explanations,

If one accepta this theory, flow of heat through a
junction will be independent of surface condltions, and only
contact area and vold area need to be conslidered.




Take surface irregularity to be expressed by y = £(x)
and select a fairly broad interval (b - a), Take maximum
peak helght to be hmax and mean height to be hm’ the follow=-

ing relation can be set up,

' hoon ¥y
.[' h ¥ h h {1“’
b oo

The direct contact area a is related to apparent contact area
A, Brinnell hardness HB and contact preasure P by the follow-

Ing ralation.

" ';‘ c i ‘ (1

¢ 1s a constant that needs to be detarmined.

Now consider columns of length ‘ as shown in Fig. 6,
with total contact area a to represent the plcture at the
interface, This greatly simplifies calculating contact thermal
reslstance, however, Hashil introduced the equivalent length

on the basis that this represents contact therwmal resis-
tance at the metal-aetal interfacs,

v [

I/‘,_"r\:, v
v \f\/\f\/ \dr

Figure S,




and ¢ are unknown constants. c¢ 18 a value investigated
in other areas such as elastic plasticlty theory and 1is
usyslly taken to be about unity., Hashi's results also 1indi-
cate this to be the case, | i1s a value which can be obtalned
only from contact thermal resistance mesasureanents, and Hashi's
data indicste 1t to range from one to ten times that of . .

v 1e equlvalent length of dlrect contact section

Figure 6.

When the thermal conductlvity coefflclent of void
material 1an (12) is smaller than that of metal, the following
approximation 1is made,

Thia convenlently relates contact prezsure directly with
reciprocal of ejuivalent length. Thie relation holde 1n the
region where contact pressure 18 not excessive, and the Jata
of Flg., 7 bsear thie out.
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Maximum height of contacting metal:
NO. 1 61' » NO. 2 22 cfy NO. 3 37{’
Alr, o1l or paraffin as vold material

Figure 7. (from Haahi)

Legend: 1. Recliprocal equivalent length em~1
2. No. 2 paraffin
30 No. 1 air
4, No. 2 011 la lo. 1 oil
5. No. 2 air
6. No. 2 air

7. Contact pressure kg/cm2
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The followlng can be concluded froam Hashi's results,

1. Under the same general condltions, softer materials
show amaller contact thermal reslstancae,.

2, Finlshing the surface and lncreasing contact pres-
sure lower contact thermal resistance, Within the
limits of moderate oontact pressure, void volute
can be consldered to be constant, Finishing con-
tact surface decreases resistance not by increasing
contact surface but by decreasing mean helght of
ridges,

3. Effect of surface conditlons can be consldered only
in the light of mean ridge height.

4, With metal normally used and wilthin the confines
of moderate contact pressures, the direct contact
area 18 a 8xnall fracticn of the apparent contact
area, As a result, contact thermal resistance willl
be nearly comlipletely a function of the theraal son-
ductlvity ccefflclent of vold materlal and void
spacing.

1
2,2 BStudles of Centlkale and Flschendenile‘

Centidale and Fischenden assumed that lspgthermals were
not parallel to the seam and made thelr calculatlons on the
vasis that thermal flow gave rlse to contracted flow patterns,
1t 18 needle#s to say that one needs to know surface uneven-
neas to arrive at thermal froant unevenness, nowever, it 1is
rather impractical to apply surface unevenness dilrectly. They
represented this unevenness by columnar projectlons which were
asaumed to be uniformly distributed. Assuming projectlons of
equal height and spaced uniformly apart, only one prolection
a8 ahown 1n Flg. 8 needs to be consldered.




Figure &,

If the confocal thermal flow lines shown by the dotted llne
and lsothermals of Filg, 9 are sssumed to slive confocal sur-
faces, thermal realstance calculations sre slmplified, Taking

the thermal resistance of solid to be RB

. 1
Boogmppon 7T e ()

The realstance of vold material assuming vold coefflclent
be ¢ is
g

Ry (15

re AT

The desired resistame R, can be thought to be a parallel hookup
of the two.

1 11 mrlly 2mrd

Re R, Ky g wans 70T
r
(16
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Thus far only one of the contacting 8olids has been
consldered, Take the respective thermal conductivity coeffi-
clents of the two contacting solids to be,\l and ' o and c¢olumn

projJections 1 and o Substituting the followlng

into (16) gives

Ly v r

Next, convert to nondimenslonal terums.

Com 1 vonuminel

Constric i C
. A

Conrlnctivit i K

Fi t I g

14




Flgure 9,

The nondlmenslonal numbers X, ¢, and B can be estab-
l1shed once the contact and vold materials and contact surface
state are known. The problem is how to convert surface rough-
ness into equivalent columnar projections,

Taking Meyer hardnees to be HM’ C can be glven by

I o
C !

N (20

If pressure 1ls lncreased to Pmax and then relaxed to P,

| PP st ? 20

Next, to obtaln B the columnar projectlon helght,
and radlus e of a single column need to be known., We take

the arithmetic mean interval of the geometrlc surface irregu-
laritles to ve ﬁc end the respective wavelengths of surface

roughness to be \,1 and \ , and assume the followlng.

15




i 4 .. o and are constants which do not depend on the nature
of the 20l1d and void material. Centikale and Fishchenden
obtained values of . = 0,61, ; = 0,0048, and .= =5/3 from
experiment.,

3,3 Studlies of Feneech and Rohsenow[EQJ

This treatment also utillizes columnar projections to
represent surface Iirregularities, It differs from the pre-
vious treatment iIn that temperature distributions in the
columns are calculated directly from heat conduction equations,

As shown in Fig. 10, each 80lid is divided into four
regions, I, I, III, and IV. This is the so=-called composite
process in whiech the thermal conductivity ejuation for each
region is solved and the results are combined taking iato
account boundary conditions. Fenech's group varied the
elgenvalues which are the solutlons to the first and second
types of Bessel functicons and expressed them as functlons of
r. The followlng sclutlion was assumed,

i

T-T, - glz+d) = Bllarc Cyole

To’ g, 4, B, ¢, -, and &re constants, (ne example of

boundary conditions 1is

These integrals are not rigorous, The following relation for
eontact thermal conductance is obtalined.

16




. a, I
i, . 4.20,'n . 1 420y 1 1 1 .
. 5,14, [(1 £ ( * J ) 1. 1ef(e (l J } 1 4.20e/
i3
2 ( ; 5,- N 4 o (z‘ 1 4.2')\/ ”n 6!_. 1
G-V 500 e, o) * 1 I

n is a number assoclated with unit area of columnar projec-
tion,¢ 1a rl/r2. N and - are respective thermal conductivity

coefficients, the aubacripts 1 and 2 appended to column heights
indicate respeotive soplids, and f refers tc the void material.
f{ ) 13 given by the following functlon.

As shown 1n Fig. 11, this function can be taken toc be 1.1 as
long as 0.1.

Flesure 10,

17




n, -~ , and are determined in the following manner.
As shown in Fig. 12, x and y axes are projected, and an area
1x by ly 18 selected. The number of contact points along 1x

and ly are counted. If these are taken to be nx and ny, the
number of contact points per unit area 1is

Mzt

I,

To get at s+ the vold area Ax and A_ using the asme axes &re

obtained from the surface roughness curve, These are divided
by the dlstance considered

A » ‘
f Sy I

Now take the surface roughness curve in the y directlon and
obtain lengths y, where the line 2/3 x lntersects the

roughness curve, From this result we get
>3

I;

From this value 18 calculated tne mean helght - ,

(from Fenech and Rohaenow)
Figure 11,

18




The value of ) 18 obtained from

(32)

Flgure 12,
1, Tm=uer base line 2, 3olid 3, Axis

Taklng 80lid hardness to be_H and contact pressure to
be P, can be expressed by F = Hd. On the ¢ther hand,
Bishop, Hill, and Mott sssumed plastic deformatlion and found
that contact pressure was about three tlmes elastlc 1llmlt VY,

Assuming contact pressure to be of the same order as H, they
used the relation '

HoRY

The Fenech group took a centrally constricted c¢olumnar
plece 1lke that 1llustrated in Fig. 13 and carried out tests
from which they found good agreement with calculatoed values,
It must be sald that it 18 very d1fficult te carry out & pro-
Jection of this type.

19
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G}s: e ¢ -
{from Fenech and Aohsenow)
Figure 13

Legand: 1. Contact thermal conductance
2. Alr
3. Contact surface temerature

4, Experiments on Contact Thermal Resistance and Futurs
Problems

In this section, representative experimental work will
be discussed with the view tc bring out the naturs of this
rhenomenon as well as to indicats what problema still exlst
for future atudy.

20




4,1 Effect of Contact Pressurs

It has long been known that oontact thermal resistance
18 considerably affected by contact pressure,

Figure 14 shows rgsults from applying and releasing
& pressure of 1000 kg/ow® to steel, This effect has been
ocbserved by all investigators in this field. There is still
doubt 88 to whether the material returns to the original state
after the load 18 removed, Figures 15 and 16 show that when
pressures are applied and relieved in small increments over
a aoderate range, there ls not a return to the original state.
The wmagnitude of this change is tied in with the hardness
With a material as soft as lead 18 tested, there seeus to be
no change in contact resistance from the value at maximum lpad,
In sany event, the aurface has undergone plastic deformation,
and the net result of this deformation can be as large &s that
observed with lead,

6” kgem?

(from Nishiwaki and 0gl)
Figure 14
Legend: 1. Pquivalent length 2, Lapping
3, 3teel (Bicker's hardness 746-785)

4, Filling >
5. Contact pressure kg/cu
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4,2 Effect of 2urface Roughnegs

Surface roughness has conalderable effect on contact
thermal resistance as shown by the difference in results
shown in Fig. 14. Here surfacee finished by lapping and filing
are compared. While the smoothness indices of Fig. 17 are not
accurate, the trend of decreasing contact thermal resistance
with decreasing roughness 1s clearly shown. Attention must be
placed on surface roughnees together with surface planarity.
If only surface roughness 1s consldered, thera may be times
when a rougher surface may have less contact thermal resistance
than a smoother surface. This is shown in Fig. 18,

4.3 Effect of Hardness

At the same contact pressure and with materials of the
same finish, softer materials show smaller contact thermal
resistance, This was found from testing several materials
and the results are shown in Flgs, 19-21.

l’q‘" 1 ’ ]

(from Hashi)
Figure 15 |

Legend: 1. Egquivalent lsngth cm

2., Contact pressure kg/cm2
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(author)
Figure 16

Legend: 1. Equivalent length ca
2. Maximum height

3, Contact preseure kg/cam®
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(from Ascoli and Germagnoli)
Figure 17
Legend: 1. Contact thermal resistance 2, in air 3, Contact 5
nragsure ke '‘em
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(from Kouwenhoven and Pottasr)
Filgure 18

Legend: 1. Contact thermal resiatance
2. Contact preesure kg/cm
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{(from Jacobs and Starr)
Flgure 19

Legend: 1. Contact thermal conducjance
2. Contact pressure kg/cm
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(author)
Flgure 20

Legend: 1, Equlvalent length cm
2., Maximum helght
3. Maxlaum helght .
4, Contact pressure kg/cmé

ST mtheC
b

(from Hashl)
Flgure 21
Legend: 1. Contact thermal reslstance 2. Flxed preasure

3, 3teel 4, Brass 5, Copper 6. Duralualn
7. Brlnnell hardness

25




4,4 Effect of the Mean Temperature of Contacting Surfaces

The change in thermal conductivity of vold material or
corresponding change in 80l11d hardness with mean tsmperature
is not an intrinsic _property. The results of Figs. 22 and 23
show that up to 500°C there are no unusually great changes,
but trends which are contrary to the expected are difficult
to explain. On the other hand, void material 13 most fre-
quently air whose thermal conductivity increases with teamper-
ature such that contact thermal resistance decreases, This
situation 18 clearly shown in Fig. 24, Should the conducti-
vity of vold material change in the reverse manner, resistance
should then increase,

{from Fouwenhovsn and rFotter)
Figure 22

Legend: 1. Cortact thermal resistance
2. In air
3, Contact pressurse o
4, Mean Contact surface temperature C

26
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LA 1300, Byt
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ez '

(from Kouwenhoven and Potter)
Figure 23

Legend 1. Contact thermal resiatance
2. In Argon
3. Contact pressure kg/cm2 o
4, Mean contact surface temperature ¢

4,5 Effect of Vold Material

Comparing results of Filg. 17 in which void material
was alr with results from Filg. 25 with nitrogen as vold
material shows amall differences in behavior desplte the
nearly equal behavior of thelr thermal conductivity coeffi-
clenta with temperature., Generally speaking, the better the
thermal conductivity cosfficlent of material filling the vold,
the lower contact thermal resistance. This can bes seen fron
Figa. 7 and 26.

4.6 Effect of the Pressure of Gas 1in Volid
When vold material 1a gas, changes in pressure alter
gas denaity resulting in changes in thermal conduc tivity co=-

efficlient. Thila effect has been studled and some results are
shown in Figs, 26 and 27. When helium 18 the vold gas, de-

27




creasing rressure increases contact thermal resistance which
1s as sxpected, The chanze, however, colles in the pressure
range of 10-100 mmHg and very little change 18 seen beyond
these limits,

o oo ¢ . i
G 1 4 - e i

£ w C

Lezend: 1. Temperaturs differences between cgntacting gurfaces

2, Mean contact surfare temperature C
(from Skipper and Wooton)

. polished uranium (in argon 15.7 pel)
polished uranium (in argon 25 psl)
polished uranium (in helilum 15.7 psi)
polished uraniua (1in argon 15.7 psi)

OWWLE

Figure 24
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© ML &Y nah

(from Ascoli and Germanoli)

Figure 25

Legend: 1. Contact thermal resistance
2. in air 12.9 keal/cm 0
3. Contact pressure kg/cm

4,7 Effect of Surface (Oxidation

The degree of oxidation of the surface has conslider-
able effect on contact thermal rusistance, and experimental
results are shown in Fig. 28. If oxidation actually has thise
large effect on contact thermal resistance, it should be a
fairly critical problem.

Besides the items mentioned above, it can be added that
placing a soft metal foll between the two solide considerably
reduces contact thermal resistance. Also, when two differing
materials are placed in contact, contact thermal resistance
will be mostly determined by the properties of the softer
material., It is felt that the essential items, however, have
reen discuesed above,

The abowve has heen & briefl survey of the way contact
thermal resistance 1s affected by varying different factors
and representative experimental contributions by various
workera have heen picked to 1llustrate the pointe, It 1s felt
that experimental areas are far from being exhaueted.

29
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(from Boeschten and Van der Held)
Figure 26

Legend: 1, Contact thermal conductance
2, Alr
3. Contact preasurs
4, Gas pressure

(from Skipper and Wooton)
Figure 27
Legend: 1. Contact thermal resistance
« Mechanlically finished uranium plate

3. Contaet pressurs

4, Contact temperature

5, Atmospheric pressurs

6. Helium pressure

30




(from Shipper and Wooton)

Flgure 28

in
in
in
in

in

1. Unoxidilzed test plece {(1n argon 18,4 psl)

2. Unoxildized test plece (in argon 17.0 psl)

3. 0x1dized test plece (oxide film 0,0004 in.,
psl)

4, 0Ox1dized test plece {oxide film 0,0005 1n.,
psi)

5. 0x1dized test plece (oxlde film 00,0014 1in.,
psl)

6, 0Ox1dized test plece (oxide film 0,0021 1n.,
15.7 psl)

7. O0x1dized test plece (oxilde film 0,0014 in,,
15.3 psl)

8., Unoxidized test plece (in hellum 14,.7-15.T7 psl)

9, 0xldized test plece (in helium 15.7 psl)

argon 16,1
argon 18.4
argon 16,9
hellum

hel lum

Legend: 1, Temperature difference between contact surface
2, Mean contact surface temperature
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Experimental results vary with experimenters, and even
results from the same worker often are in contradiction. This
may indicate that some important factors have been overlooked
or fectors are so oomplexly interoomnected that experimental
approaches have succeeded in but scratching the surface. In
the case of surface 1roughness, when there are visible irregu-
larities, indices of surface roughness become meaningless,

If surface oxidation is as eritical as indications show,
it may not be prudent to spend too muech time on items such as
surface roughness. It is still the case that many of tha
factors which affect contact thermal resistsucs are not clearly
understood. Accurate and reliable computations are not pos-
sible, and there is considerable scatter in results. When
such d=ta are used to verify different factors, only the most
pertinent iltems should bhe pursusd since the work is compli-

cated though seemingly simple. It is hoped that future work
will clarify these fields,

5. Postscript

Much more was intended in this limited menuscript,
however, many detalls have been deleted. There ia a suspicion
that many ilmportant points have been overlooked. Despiie 1its
shorteomings, it 18 hoped that this paper will be sotlle use o
workers in thermal conductivity technology.

Professor Hashl of Tokyo University reviewed this
manuscript and offered valuableadvice. Mr, Mitsuo Cuchil of
this Laboratory prepared the figurss in this text. The author
gratefully acknowledges their hslp.

For convsnience in making comparisons, the followlnz
units were used throughou* the figures: temperaturs in °C,

equivalent length in cm, <ontact thermal refiatance in
2

o
M"h ¢/kcal, contact thermal conductance in kcal/m2hoc. con-

tact pressure in kg/cmg. The author 18 responsible for all
the calculated values,
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